INTRODUCTION
The bacteria that are able to form nitrogen-fixing nodules on leguminous plants and trees are currently divided into five genera, Azorhizobium, Brady- Abbreviations: ACO, aconitase; ADK, adenylate kinase; ET, electrophoretic type; G6P, g I ucose-6-phosphate deh ydrogenase; H BD, hyd roxybutyrate dehydrogenase; HEX, hexokinase; IDH, isocitrate dehydrogenase; IPO, indophenol oxidase; LAP, leucine aminopeptidase; MDH, NAD-malate dehydrogenase; MLEE, multilocus enzyme electrophoresis; PEP, leucylalanine peptidase; 6-PG, 6-phosphogluconate dehydrogenase; PGI, phosphoglucose isomerase; PGM, phosphoglucomutase; rep-PCR, repetitive-sequence-based PCR.
The EMBL accession numbers for the 165 rRNA sequences of 5. arboris HAMBI 1 552T and 5. kostiense HAMBI 148gT are 278204 and 278203. rhizobium, Mesorhizobium, Rhizobium and Sinorhizobium. Azorhizobium caulinodans, a stemnodulating species, is the only species of the genus Azorhizobium (Dreyfus et al., 1988) . The bradyrhizobia, with species Bradyrhizohium elkanii (Kuykendall et al., 1992) , Bradyrhizobium japonicum (Jordan, 1984) and Bradyrhizobium liaoningense (Xu et al., 1995) , are root-nodulating but slow-growing bacteria. From the fast-growing rhizobia, the genus Sinorhizobium, with the species Sinorhizobium fredii (Scholla & Elkan, 1984) , Sinorhizobium meliloti (Jordan, 1984) , Sinorhizobium saheli and Sinorhizobium terangae, was emended by de Lajudie et al. (1994) and recently Rome et al. (1996) described the newest member of this genus, Sinorhizobium medicae. The genus Mesorhizobium (Jarvis et al., 1997) consists of the species Mesorhizobium loti (Jarvis et al., 1982) Mesorhizobium ciceri (Nour et al., 1994) , Mesorhizobium huakuii (Chen et al., 199 l) , Mesorhizobium mediterraneum (Nour et al., 1999 , Mesorhizobium plurifarium (de Lajudie et al., 1998 and Mesorhizobium tianshanense (Chen et al., 1995) . The genus Rhizobium is phylogenetically heterogeneous with two different groups: ~h i z o b i u m etli (Segovia et al., 1993) , Rhizobium gallicum (Amarger et al., 1997), Rhizobium hainanense , Rhizobium leguminosarum (Jordan, 1984) , Rhizobium mongolense (van Berkum et al., 1998) and Rhizobium tropici (Martinez-Romero et al., 1991) form one rRNA branch and Rhizobium galegae (Lindstrom, 1989) , Rhizobium huautlense (Wang et al., 1998) and Rhizobium giardinii (Amarger et al., 1997) are in a separate branch together with Agrobacterium vitis (Ophel & Kerr, 1990) and Agrobacterium biovar 1 (Kersters & De Ley, 1984) . De Lajudie et al. (1994) have shown that tropical, fastgrowing rhizobia isolated in West Africa are very diverse but are clearly different from previously established species. Sudanese and Kenyan tree nodule isolates showed wide diversity by numerical taxonomy (Zhang et al., 1991) and this was later confirmed by several genotypic analyses (Haukka & Lindstrom, 1994; Haukka et al., 1996; Nick, 1998; Nick et al., 1999) . The previous studies led us to complete the polyphasic taxonomy of the Sudanese and Kenyan strains by using SDS-PAGE of total bacterial proteins, multilocus enzyme electrophoresis (MLEE) and total 16s rRNA sequence analysis. On the basis of previous and current results, we propose two new species, Sin or h izo b ium arbor is s p . nov . and Sino rh izo b ium kostiense sp. nov.
METHODS
Bacterial strains and growth conditions. Strains used in this study are listed in Table 1 . Sudanese and Kenyan strains were isolated from the root nodules of Acacia senegal and Prosopis chilensis (Zhang et al., 1991) and the other strains were representatives of Mesorhizobium, Rhizobium and Sinorhizobium species. All strains were maintained in yeast extract-mannitol (YEM) broth (Lindstrom et at., 1985) containing 20% (vfv) glycerol at -70 "C and freeze-dried. For transmission electron microscopy observations, the type strains of S. arboris and S. kostiense were grown in nonagitated YEM broth, which contained only 1 g mannitol in 1000 ml medium.
PAGE of total bacterial proteins. SDS-PAGE was performed by using the procedure of Laemmli (1970) with slight modifications, as described previously (Kiredjian et al., 1986; de Lajudie et at., 1994) . The normalized densitometric traces of the protein electrophoretic patterns were grouped by numerical analysis, using the GELCOMPAR 2.2 software package (Applied Maths) (Vauterin & Vauterin, 1992) . The similarity between all pairs of traces was expressed by the Pearson product-moment correlation coefficient ( r ) converted for convenience to a percentage value (Pot et al., 1989 (Pot et al., , 1994 .
MLEE. Nineteen Sudanese strain and one Kenyan strain were used in MLEE analysis and compared with S. saheli, S. terangae, two S. medicae and four S. meliloti strains. The techniques used for starch-gel electrophoresis and selective staining of enzymes have been described previously (Eardly et al., 1990; Eardly, 1994; Selander et al., 1986) . The electrophoretic buffer systems and the thirteen enzymes assayed were as follows : Trisfcitrate (pH 6-7) for 6-phosphogluconate dehydrogenase (6PG), hydroxybutyrate dehydrogenase (HBD), aconitase (ACO) and NAD-malate dehydrogenase (MDH) ; Trisfcitrate (pH 8.0) for phosphoglucose isomerase (PGI), isocitrate dehydrogenase (IDH), glucose-6-phosphate dehydrogenase (G6P), leucyl-alanine peptidase (PEP) and leucine aminopeptidase (LAP) ; and borate (pH 8.2) for indophenol oxidase (IPO), hexokinase (HEX), adenylate kinase (ADK) and phosphoglucomutase (PGM). Distinctive mobility variants (electromorphs) of each enzyme, numbered in order of decreasing anodal mobility, were equated with alleles at the corresponding structural gene locus. Allele profiles, or electrophoretic types (ETs), were equated with multilocus genotypes. The genetic distance between pairs of ETs was estimated as the proportion of loci at which dissimilar alleles (mismatches) occurred and clustering was performed by the unweighted pair group method (Sneath & Sokal, 1973) . Sequencing of 16s rRNA genes. The 16s rRNA gene sequences of the type strains S. arboris HAMBI 1 552T and S.
package of the Genetics Computer Group (GCG). All the sequences used were almost full length and were derived from the type strain wherever possible. A phylogenetic tree was created by the CLUSTAL w 1.7 program (Thompson et al., 1994) using the neighbour-joining method based on a distance matrix with the distance correction calculated by Kimura's two-parameter method. The tree was drawn using the TREEVIEW program (Page, 1996) . Identities were calculated using the GAP program in the GCG package. 
RESULTS
SDS-PAGE of total bacterial proteins the *following temperature profile : initial denatiration at 95 "C for 3 min, 30 cycles at 94 "C for 1 min, 55 "C for 1 min and 72 "C for 2 min, final extension at 72 "C for 3 min. The PCR product was sequenced directly by using the solidphase method as described previously (Hultman et al., 1991) with an automated ALF DNA sequencer (Pharmacia) (Ridell et al., 1995 (Fig. 1) . 
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MLEE analysis
Nineteen Sudanese strains and one Kenyan strain were used in MLEE analysis. The S. arboris strains revealed six and S. kostiense three distinctive multilocus genotypes (ETs). Four of the S. arboris and one of the S. kostiense ETs were represented by single strains (Table  2 ). Cluster analysis of the ETs grouped nine S . arboris and eight S. kostiense strains together, and the genetic distances ranged from 0.08 to 0.19 and from 0-23 to 0.46, respectively (Fig. 2) . Strains HAMBI 1500 and 1506 gave identical ETs but were clearly different from other strains and species examined, at a genetic distance of 0-78. The ET of strain HAMBI 1499 was not identical or close to S. saheli and was thus in agreement with the result of repetitive-sequence-based (rep)-PCR. S. fredii strains were not included in the MLEE analysis as 16s rDNA PCR-RFLP analysis (Nick, 1998) and protein analysis (data not shown) has shown that the S. fredii strains do not form a homogeneous group as the other Sinorhizobium species do and thus need to be studied more thoroughly.
rRNA gene sequencing
The 16s rRNA sequences determined were compared with the 16s rRNA sequences of other members of the a-2-subclass of the Proteobacteria available from the EMBL database. Strains HAMBI 1489T and 1552T were found to be closely related but distinct members of the Sinorhizobium lineage (Fig. 3) . The levels of sequence identity obtained by using the GAP program are shown in Table 3 . 
DISCUSSION
The relationships between rhizobia isolated from the root nodules of Acacia senegal and Prosopis chilensis trees in Sudan and Kenya were studied by using a polyphasic approach. These rhizobia were first found to be very diverse by numerical taxonomy (Zhang et al., 1991) and were further studied by molecular biological methods including pulsed-field gel electrophoresis (Haukka & Lindstrom, 1994) , 16s rDNA analyses (Haukka et al., 1996; Nick, 1998) The 16s rRNA and cellular fatty acid analyses showed that almost all the Sudanese and Kenyan isolates belong to the genus Sinorhizobium (Haukka et al., 1996; Nick, 1998 ; S. W. Tighe & B. D. W. Jarvis, unpublished results). Numerical taxonomy had grouped the majority of these strains in two main clusters, which were phenotypically separate from established species (Zhang et al., 1991) , and this finding was confirmed by several genomic analyses (Haukka & Lindstrom, 1994; Haukka et al., 1996; Nick, 1998; Nick et al., 1999) . To complete the classification of the sinorhizobial isolates, 30 strains were further compared with established rhizobial species by SDS-PAGE of total proteins, 20 strains were studied by MLEE and the full length sequences of the 16s rRNA genes from two strains representing the two main clusters were determined. The results were in good agreement with previous studies and led to the proposal of two new species.
Among the Sudanese and Kenyan strains, we found two strains that belong to S. saheli and six strains that belong to S. terangae. Strains HAMBI 1495 and 1496 both fell into cluster 14 in the numerical taxonomy analysis (Table 1) . They grouped with the Senegalese S. saheli strains by dot-blot hybridization, rep-PCR and protein analysis. By 16s rDNA analyses they were slightly different from the type strain but very close to it (Haukka et al., 1996; Nick, 1998; Nick et al., 1999) . In DNA-DNA reassociation analysis, strain HAMBI 1496 was a typical S. saheli strain (Nick et al., 1999) . Three strains (HAMBI 248, 1550 and 1703) gave similar results to the type strain of S. terangae in dotblot hybridization, rep-PCR (Nick et al., 1999) , 16s rDNA sequence (Haukka et al., 1996) and PCR-RFLP analyses (Nick, 1998) and protein analysis. Strain HAMBI 1550 was also used in DNA-DNA reassociation analysis and showed very strong homology to S. terangae (Nick et al., 1999) . Strain HAMBI 1703 behaved differently only in numerical taxonomy, where it was in cluster 11, whereas the other two originated from cluster 12 (Zhang et al., 1991) . Strains HAMBI 1392, 1551 and 1698 clustered with the S. terangae type strain in dot-blot hybridization (Nick et al., 1999) and also, in the case of the two latter strains, in protein analysis. They were very closely related to the type strain by 16s rDNA analyses and rep-PCR, which probably means that these strains represent the borderlines of the S. terangae species, since the DNAbinding level of strain HAMBI 1551 in the S. terangae cluster was not high, although significant (Haukka et al., 1996; Nick, 1998; Nick et al., 1999) . In numerical taxonomy, strain HAMBI 1698 belonged to cluster 11 and strains HAMBI 1392 and 1551 to cluster 14 (Zhang et al., 1991) . Strain HAMBI 1395 clearly clustered with S. terangae in dot-blot hybridization and the short sequenced fragment of the 16s rRNA gene placed it in the S. terangae continuum (Haukka et al., 1996; Nick et al., 1999) . Numerical taxonomy placed it in cluster 12, together with strains HAMBI 248 and 1550 (Zhang et al., 1991) . It had a separate position in SDS-PAGE, and therefore we could not place it with S. terangae until the DNA-DNA reassociation results were available. The rest of the sinorhizobial isolates did not group with any of the known species.
In numerical taxonomy, the two main clusters, 8 and 11, contained 15 and 18 strains, respectively. In addition, three strains were related to cluster 8. In further analysis by dot-blot hybridization, rep-PCR (Nick et al., 1999) and 16s rDNA PCR-RFLP (Nick, 1998) , all the cluster 8 strains except one, which was not studied further, formed a homogeneous group. This group also contained the three strains related to cluster 8 and two strains from cluster 1 and one strain from cluster 9. We found that phenotypic cluster 11 was more heterogeneous and only eight strains from it formed a distinct group clearly different from the established species. Two other strains, one from cluster 15 and the other related to cluster 18, also belonged to this second main cluster. The representative strains from both of these clusters also formed separate groups by protein analysis (Fig. I) , MLEE (Fig. 2 ) and G. Nick and others DNA-DNA reassociation analysis (Nick et al., 1999) . A short sequence (230 bp) of the 16s rRNA gene grouped the cluster 11 strains with S. rnedicae (Haukka et al., 1996) , but the full-length sequence showed that clusters 8 and 11 represent two new Sinorhizobium species, S. kostiense and S. arboris, respectively (Fig.  3 ). In the dendrogram based on the neighbour-joining method, S. arboris forms a branch with S. medicae and S. rneliloti, with the two latter species more closely related, whereas S. kostiense is by itself. Also, pairwise comparison of sequences by the GAP program showed that the sequence identity was highest between S. rneliloti and S . rnedicae (99.7 YO) . Eight of the Sudanese and Kenyan isolates did not cluster unambiguously with any of the Sinorhizobium species or clusters 8 or 11 (Table 1) . Numerical taxonomy placed five of them in cluster 9 (Zhang et al., 1991) , but on further analysis they did not form a separate group. Strains HAMBI 1500 and 1506 were included in the MLEE analysis, since they grouped with S. kostiense by 16s rDNA PCR-RFLP (Nick, 1998) and with S. arboris by rep-PCR (Nick et al., 1999) . These strains where not members of any clusters by dot-blot hybridization (Nick et al., 1999) . Strain 1506 also had a separate position by SDS-PAGE. MLEE analysis showed that these strains are closely related only to each other. Strain HAMBI 1499 is an interesting isolate; 16s rDNA PCR-RFLP grouped it with S. saheli, otherwise it remained unclustered. Haukka et al. (1996) found that it has two 16s sequences among its rRNA operons, which were similar to the sequences of strains HAMBI 1393 and 1394. These eight strains clearly belong to Sinorhizobium but additional similar strains have to be studied before they can be assigned to a species. Among the Sudanese and Kenyan isolates, the two main clusters (8 and 11) have been shown to form two distinct groups different from established species. We therefore propose that these strains should be assigned to two new species, Sinorhizobium kostiense sp. nov. and Sinorhizobiurn arboris sp. nov., respectively. (Nick et al., 1999) , RFLP analysis of the amplified 16s rDNA (Nick, 1998) , total DNA-DNA hybridization (Nick et al., 1999) Sinorhizobiurn kostiense (kos.ti.en'se. L. neut. adj. kostiense pertaining to Kosti, the region in Sudan from which the majority of the organisms were isolated). Short, aerobic, Gram-negative, non-spore-forming rods that are 0.5-0-7 pm wide by 1-5-2-0 pm long. Motile by means of one or two polar or subpolar flagella. The maximum growth temperature of the majority of the strains on YEM medium is 38-40 "C. Colonies of most strains on YEM are circular, creamcoloured, semi-translucent and mucilaginous and often spread over an entire plate within 2 4 d. A narrow range of carbohydrates and amino acids are utilized as sole carbon sources for growth. Physiological and biochemical features typical for this species include tolerance of only 1 YO (w/v) NaCl and sensitivity to heavy metals (except copper and lead) and to a wide range of antibiotics. Produces melanin but does not grow at pH 5.5 or 8.5. However, this species cannot be identified by biochemical and physiological characters alone. Strains can nodulate Acacia senegal and Prosopis chilensis. At the molecular level, this species can be differentiated by SDS-PAGE whole-cell protein pattern, MLEE, rep-PCR genomic fingerprinting (Nick et al., 1999) , RFLP analysis of amplified 16s rDNA (Nick, 1998) , total DNA-DNA hybridization (Nick et al., 1999) The G + C content of the DNA is 57.9-61-6 mol% (Nick et al., 1999) . Strain HAMBI 1489T (= LMG 15613T) is the type strain. All the Sinorhizobium kostiense strains identified in this paper have been deposited in the Culture Collections of the Department of Applied Chemistry and Microbiology, University of Helsinki, Helsinki, Finland, and the Laboratorium voor Microbiologie, University of Ghent, Ghent, Belgium.
